Multiple toxic and bioactive compounds produced by Alexandrium spp. cause adverse effects on bivalves, but these effects are frequently difficult to attribute to a single compound class. To disentangle the effect of neurotoxic vs lytic secondary metabolites, we exposed blue mussels to either a paralytic shellfish toxin (PST) producing Alexandrium spp. strain, or to an exclusively lytic compound (LC) producing strain, or a strain containing both compound classes, to evaluate the time dependent effects after 3 and 7 days of feeding. Tested parameters comprised signs of paralysis, feeding activity, and immune cell integrity (hemocyte numbers and viability; lysosomal membrane destabilization) and function (ROS production). Both compound classes caused paralysis and immune impairment. The only effect attributable exclusively to PST was increased phagocytic activity after 3 days and impaired feeding activity after 7 days, which curtailed toxin accumulation in digestive glands. Lysosomal membrane destabilization were more closely, but not exclusively, matched with LC exposure. Effects on circulating hemocyte integrity and immune related functions were mostly transient or remained stable within 7 days; except for increased lysosomal labialization and decreased extracellular ROS production when mussels were exposed to the toxin combination. M. edulis displays adaptive fitness traits to survive and maintain immune capacity upon prolonged exposure to environmentally relevant concentrations of PST and/or LC producing Alexandrium strains.
Introduction
Species of the dinoflagellate genus Alexandrium are the major sources of paralytic shellfish toxins (PST) among microalgae species and form harmful algae blooms (HABs) in coastal and shelf seas [1] . The species-specific portfolio of PST encompasses the highly toxic derivative saxitoxin (STX), as well as neosaxitoxin (NEO), gonyautoxins (GTX1-GTX4), and a sub-group of C1-4 PST called N-sulfocarbamoyl toxins [2] . Although all of these compounds are water-soluble, they are not readily released into the dissolved phase by intact cells [3] . Instead, the PST accumulate throughout the food chain of algal grazers and filter feeders [4, 5] to values of above 80 μg saxitoxin equivalents 100 g −1 , the regulatory limit for meat consumption. These toxic compounds produce severe neurological and even potentially fatal symptoms in humans, based on reversible blocking of the voltage-gated Na 2+ channels (paralytic shellfish poisoning) [6] .
Bivalve mollusks filter cells from the water at different rates, digest the toxic algae [7] [8] [9] [10] , and accumulate and partly metabolize ingested toxins [11] . Bivalve resistance to the toxic effects of PST varies between species according to the differences in the saxitoxin-binding site of the sodium channel [12] . The spectrum of functional responses of bivalves to Alexandrium strains encompasses disturbance of feeding activity and movement [13, 14] , larval development [15] , tissue integrity, gamete viability [16] and survival [17] . Recently, the role of the hemocyte cells, the main effectors the bivalve innate immune system [18, 19] , in the sub-lethal effects of PST on bivalves have come into focus. Studies into the immunosuppressive and immunostimulating effects of these toxins in clams [3, 14, 20] , oysters [4, 21, 22] and mussels [23] have applied environmentally relevant HAB cell concentrations. It resulted that the immunotoxicity of neurotoxins depends on fitness of the affected bivalves, the duration of exposure, and the individual history of previous toxin exposure.
Studying effects of PST on bivalves using Alexandrium spp. cultures is, however, complicated, by the fact that species of Alexandrium -in addition to PST-produce other poorly characterized bioactive compounds with lytic and cytotoxic activity [24] . Bioactive compounds https://doi.org/10.1016/j.fsi.2018. 10 .024 Received 25 May 2018; Received in revised form 5 October 2018; Accepted 7 October 2018 (BC) are foud in cell-free culture supernatants [3, 25] and associated to cytosol [26] and to cytosol-free cell fragments [17] . One of the known effects of bioactive compounds is allelopathy, which favors the development of certain algae species over others by inhibiting competitor growth, reproduction and survival [27] [28] [29] . Bioactive compounds affect bivalves and fish, causing alterations of growth and behavior, tissue damage and molecular dysfunction resulting in massive mortality events [30] . Particularly, compounds with lytic activity (LC) are produced by most strains of Alexandrium and are chemically unrelated to the known PST [24] .
The presence of multiple toxins in Alexandrium spp. makes it difficult to unequivocally attribute adverse effects on bivalves to a single compounds class, especially when experimental strains are not fully characterized with respect to their portfolio of different compounds. In spite of increasing awareness of their frequent co-occurrence during harmful algal bloom events, combined effects of PST and BC on bivalves are insufficiently understood. The potential of producing BC is not always assessed in Alexandrium strains used for testing PST effects on bivalves [4, 15] . Moreover, some previous studies, e.g. Refs. [15, 17] , did not provide sequence information for their specific experimental strains. It is now generally accepted that sequence data are required for a reliable species designation of the former Alexandrium tamarense/ fundyense/catenella species complex [31] , which in turn is needed for a comparison of data and effects at the Alexandrium species level. First experimental studies in which different bivalves and their early life stages were exposed simultaneously to both toxin types yielded contradictory results [13, 29] . In this study, we followed a comparative approach with PST and/or LC producing strains of Alexandrium spp., to evaluate the time dependent effects of exposure in blue mussels, Mytilus edulis, and to investigate their effects on the feeding activity (avoidance behavior) and immune cell integrity and function. We exposed mussels separately to microalgae producing PST or LC and tested combined effects of toxins using a PST and LC producer microalgae.
Materials and methods

Algal strains
Different Alexandrium strains, previously characterized by morphology and phylogenetic sequence, were chosen based on their known capability to produce PST and LC. Two clones of A. catenella (formerly group I of the A. tamarense/fundyense/catenella species complex) were shown to produce PST, whereas Alex2 but not Alex5 also displayed lytic activity (Alex5 (PST); Alex2 (PST + LC)). Both Alexandrium strains were isolated from the North Sea coast off Scotland [32] . In addition, a strain of Alexandrium tamarense (AlexNX-57-08, formerly group III of the A. tamarense/fundyense/catenella species complex) isolated in 2015 from the Trondheimfjord (Norway) (Tillmann, unpublished) , was applied as a lytic strain that does not produce PST.
All strains were grown in a seawater K-medium supplemented with selenite, prepared from 0.2 mm sterile-filtered (VacuCap, Pall Life Sciences, Dreieich, Germany) North Sea seawater (salinity 32 psμ) at 15°C, under cool-white fluorescent light at a photon flux density (PFD) of 100 μmol photons m −2 s −1 on a 16 h light: 8 h dark photo-cycle. Cultures were harvested in early stationary phase for feeding experiments.
Nannochloropsis salina (NYOS ® PhytoMaxx, N°12009) was used as non-toxic food in control treatments. N. salina is a small (2-5 μm diameter) non-motile single cell algae, recommended for feeding of filter feeding organisms. Feeding potential of Mytilus sp. upon Nannochloropsis sp. was taken from Okumuṣ et al. [33] .
Toxin measurements
Cell density was evaluated in all algal cultures at the beginning of each experiment by direct counting, using a sedimentation chamber for Alexandrium (by triplicate, under inverted microscope Axiovert 25) and a Fuchs Rosenthal chamber for N. salina (by quadruplicate, under light microscope). Cell pellets (15 min at 3200×g, for Alexandrium; 30 min at 10000×g, for control strain) from known culture volumes were used for PST extraction in 0.03 N acetic acid. Toxin profiles and content were analyzed by reverse-phase ion-pair liquid chromatography coupled to post-column derivatization and fluorescence detection (LC-FD) based on previously published methods [11, 34] . Data were calibrated against external PST calibration curves prepared from standards purchased from the Certified Reference Material Programme of the Institute of Marine Biosciences, National Research Council, Halifax, NS, Canada. Results are expressed as pg per cell. The presence of extracellular bioactive compounds with lytic capacity was quantified using a whole cell cryptophyte Rhodomonas salina (strain KAC30) bioassay [32, 35] . EC 50 was calculated from the sigmoidal curve fit of non-linear regression applied to the log-transformed A. catenella cells concentrations vs. % of R. salina intact cells. Results are expressed as EC 50 cells per mL, including 95% confidence intervals (CI).
Mussel collection and maintenance
Experiments were carried out in August-September 2016. Adult M. edulis (45.8 ± 2.9 mm of shell length, commercial size) were collected at the island of Sylt and transported to the Alfred Wegener Institute in Bremerhaven. According to official controls, these areas are not affected by toxic blooms. Mechanically cleaned mussels were acclimatized for 21 days in tanks with circulating seawater ( .68 mg L −1 dissolved oxygen). Mussels were fed every 7 days with N. salina cells (manufacturer's recommended amount). Feeding was stopped 7 days before starting the experiments to intensify filtration activity of mussels.
Experimental design
After acclimatization, mussels were sorted into four groups and treated as 6 replicate subgroups for each treatment. These replicates consisted in groups of five individuals placed in plastic containers, separated from the bottom by a rigid plastic mesh. Water mixing was achieved through mild air bubbling, which also maintained the algae in suspension as described by Bianchi et al. [36] . Four dietary treatments were applied: 1) Control: N. salina cells; 2) PST: Alex5 cells (producer of PST but not LC); 3) LC: AlexNX-57-08 cells (producer of LC but not PST) and 4) PST + LC: Alex2 cells (producer of PST and LC). Triplicate control experiments without mussels were conducted to assess changes in cell concentrations. Treatment groups will be referred to as control, Alex5 (PST), AlexNX-57-08 (LC) and Alex2 (PST + LC), for convenience.
Cell concentrations and exposure duration were chosen based on environmentally realistic conditions registered for HABs of Alexandrium and their effects on bivalves [5, 15] . Considering that N. salina cells are about 30 times smaller than A. catenella cells, the control diet was set at 154,000 cells mL −1 and toxic diets were set at 500 cell mL −1 in order to offer equal biomass according to volume. Each container was filled to a final volume of 500 mL by mixing the original algae culture with filtered seawater (0.2 μm pore filter) to reach the indicated cell concentration. Valve opening (indicating filtration) of every mussel was Abbreviations:
PST
Paralytic shellfish toxins BC Bioactive compounds LC Lytic compounds ROS Reactive oxygen species checked after 30 min of adding cells to the containers. Diets were offered daily in two separated experiments for periods of 3 and 7 days; water was exchanged every day before feeding (water temperature 8.2 ± 0.3°C). M. edulis acclimated to laboratory conditions at water temperature slightly above 8°C maintains a relatively constant feeding rate [37, 38] and metabolic activity [39] . Alexandrium catenella and A. tamarense occur and can bloom in temperate and cold coastal areas (e.g.
Ref. [40] ), so the temperature difference between growth and experimental conditions should not be a problem. The presence of some Alexandrium temporary cysts in our experiment has also been reported in other studies carried out at 16°C [5] ; thus, it is frequently occurring in bivalve feeding treatments and not related to the shift of temperature between algae culture and mussel exposure conditions. After both experimental periods, mussels were checked for their general condition indices, hemolymph was sampled for hematological analysis and digestive glands were excised for PST accumulation measurements.
General condition indices
Feeding activity
During the feeding periods and before every exchange of water, two aliquots (50 mL) of water with fecal pellets were taken from each container and fixated with Lugol 0.05%. Algal cells were counted as described before (section 2.2), and the presence/absence of cells attached to feces/pseudo-feces pellets (and thus not digested by the bivalves) was recorded for each control and Alexandrium treated container [5] . Results are expressed as percentage of cells consumed per day and container (n = 6).
Paralysis test
Paralysis was assessed at the end of each period (3d, 7d) by checking the mantle retraction response in every mussel from each container (5 mussels per container, n = 30). Mussels showing no mantle retraction after mechanical stimulation were considered paralyzed [13] . Mortality was recorded on a daily basis.
Condition index
After 3-and 7-days of exposure, one mussel from each container was opened by adductor muscle incision (n = 6). Soft tissue and valves were removed, dried for 48 h at 60°C, and weight recorded of each organ. Condition index (CI) is expressed as dry soft tissue mass (g)/total shell length (cm) ratio.
PST accumulation in digestive gland
After 3 and 7 days of exposure, two mussels per experimental container were opened by adductor muscle incision (n = 6). Digestive glands were excised, weighed, and frozen at −20°C (the 2 digestive glands per container were pooled into one vial). Later on, pooled samples were homogenized (Ultra Turrax T25, IKA Werke, Staufen, Germany) and PST were extracted using 0.2 M HCl and following the protocol of Luckas et al. [41] . Toxin profiles and analyzed components were quantified as described above (section 2.2). Results are expressed as total PST content (μg) per wet weight (g) of tissue.
Hemocyte analyses
Hemolymph was drawn from the posterior adductor muscle of each mussel using a sterile syringe and aliquoted in microcentrifuge tubes for immediate analysis. One mussel per container was used for lysosome stability and phagocytosis measurements, and the last mussel for hemocyte countings and ROS production measurements (n = 6, for each analysis). Bivalves and samples were constantly kept on ice. The syringe was prefilled with sterile Alseve medium (20.8 g L −1 glucose; 8 g L −1 sodium citrate; 3.36 g L −1 EDTA; 22.5 g L −1 NaCl; pH 7; 920 mOsm; Novas et al. [42] ), used as anticoagulant and nutritive medium for the cells (1:5, medium:hemolymph), except for phagocytic activity assays.
Cytotoxicity
Lysosomal membrane stability (n = 6) was assessed using the Neutral Red Retention (NRR) assay adapted for microplate reading (modified from Coles et al. [43] ). Duplicate samples of 300 μL hemolymph per animal were placed into round-bottom dark brown microcentrifuge tubes and kept open and cold (over ice) during the assay. Briefly, 150 μL of 200 μM neutral red solution (NR obtained from 100 mM stock solution in DMSO) were added, and the suspension was gently mixed and incubated for 1 h, over ice. Sample controls were conducted in tubes with DMSO void of NR. After incubation, samples were centrifuged (800×g for 5 min at 10°C) and cells were washed once with 1 mL of Alseve medium. Extraction buffer (1% acetic acid and 50% ethanol in distilled water) was added to the resulting pellet and incubated in closed tubes for 1 h, at room temperature. Samples were centrifuged again, and 150 μL aliquots of supernatant were pipetted into a 96 well plate. Absorbance was read at 550 nm. Baseline readings were conducted using extraction buffer controls. Results are expressed as optical density (OD) per μg of protein (Bradford [44] ), with lower absorbance indicating stronger labilization of lysosomal membranes.
Hemocytes viability (n = 6) was measured using the trypan blue staining method (modified from Akaishi et al. [45] ). 100 μL of hemolymph were centrifuged (500×g for 20 min at 4°C) to eliminate the humoral compartment and, cells were re-suspended in the same volume of Alseve medium. Cell suspension was mixed with 50 μL of trypan blue stain 0.2% (Fluka) and incubated at 4°C for 5 min. Live (unstained) and dead cells (stained) were counted within 15 min, using a Fuchs Rosenthal chamber and a light microscope. The number of viable hemocytes per mL is expressed as percentage of total cells.
Total circulating hemocyte count and phagocytic activity
Total number of cells in hemolymph (n = 6) was determined microscopically in quadruplicate using a Fuchs Rosenthal chamber. Results are expressed as number of cells mL −1 . Phagocytic activity (n = 6) was assessed using yeast cells stained with Congo red (Sigma). 100 μL of hemolymph were mixed with stained yeast suspension containing twice the amount of yeast cells than the amount of viable hemocytes in hemolymph. This mix was incubated for 30 min on ice. After the incubation, cells were fixated with glutaraldehyde 1% and kept at 4°C. 300 hemocytes per mussel were analyzed under the light microscope and, phagocyted yeast cells counted. Results are expressed as number of phagocyted yeast cells/number of hemocytes analyzed (modified from Kuchel et al. [46] ).
ROS production
For ROS production measurements, hemolymph (n = 6) was centrifuged for 20 min at 500×g and 4°C. The supernatant was removed and cells were re-suspended in Alseve medium and kept on ice for 30 min before analysis. Cell number and viability were determined in the suspension as described in section 2.6.1 and 2.6.2.
Intracellular ROS production was measured using dichlorofluorescein-diacetate (H 2 DCF-DA, Invitrogen) as fluorescent probe (based on Moss and Allam [47] ). Triplicate aliquots containing 30000 viable cells were placed in each well, of a 96 well plate, with Alseve medium containing 40 μM H 2 DCF-DA, in a final volume of 200 μL. The reaction mixture was incubated for 1 h in the dark at room temperature. Changes in fluorescence units were red for 1 h at 485 ex /530 em nm, using a TRISTAR microplate reader (Fa. Berthold, Bad Wildbad, Germany). The background change of the fluorescence signal was measured after replacing cell suspension with Alseve medium, and autofluorescence in the samples was measured using DMSO without H 2 DCF-DA. Results are expressed as fluorescent units (FU) per 10 6 viable cells.
Extracellular ROS levels were measured using Amplex ® UltraRed reagent (life technologies), as fluorescent probe and horseradish peroxidase (GE Healthcare) as OH − generator, according to manufacturer's protocol. Triplicate aliquots containing 30000 viable cells were pipetted into each well, of a 96 well plate, and mixed with Alseve medium, containing 50 μM of fluorescent probe and 0.2 U mL −1 of enzyme in a final volume of 200 μL. The reaction mixture was incubated for 5 min in the dark and changes in fluorescence units were followed for 1 h at 550 ex /590 em nm, using a TRISTAR microplate reader (Fa. Berthold, Germany). Background changes in fluorescence were measured in wells where cell suspension was replaced by Alseve medium, and autofluorescence in each sample was measured adding DMSO without Amplex ® UltraRed. Results are expressed as FU per 10 6 viable cells.
Statistical analysis
Data were expressed as mean ± standard error of the mean (SEM). Normal distribution and homogeneity of variance were checked by Kolmogorov-Smirnov and Levene's tests, respectively. Data were transformed to arcsine of the square root when values were expressed as proportions. Differences among treatments for filtering activity and toxin accumulation in digestive gland were assessed using two way ANOVA with factors diet and time) and Newman-Keuls posthoc comparisons. For the rest of the variables, differences between treatments were determined using one way ANOVA and Newman-Keuls posthoc comparisons. Differences were considered significant at p > 0.05.
Results
Algal toxins
PST
PST amounts were about 4.5 times higher in Alex5 cells (PST) than Alex2 cells (PST + LC) ( Table 1 ). Both strains used in feeding experiments contained detectable amounts of STX, NEO, GTX1/4, GTX2/3 and C1/C2, at similar percentages, except for GTX2/3 in Alex 5 (PST) and GTX1/4 in Alex2 (PST + LC). There were no detectable PST amounts in N. salina (control) or in AlexNX-57-08 (LC) cells.
Lytic compounds
Cryptophyte R. salina bioassays showed that Alex2 (PST + LC) cultures used for the 3 days feeding experiment, displayed around 3 times more lytic activity than AlexNX-57-08 (LC) (EC 50 94 cells per mL, CI 92 to 97, vs. EC 50 313 cells per mL, CI 293 to 334); while for the 7 days experiment, lytic activity was around two times higher for the Alex2 (PST + LC) than for the AlexNX-57-08 culture (LC) (EC 50 233 cells per mL, CI 222 to 246, vs. EC 50 556 cells per mL, CI 518 to 597). Alex5 (PST) culture supernatant had no detectable lytic activity ( Fig. 1A and B) comparable to the N. salina control (data not shown).
General mussel conditions
Two-way ANOVA was significant for diet and time interaction (p < 0.001). M. edulis filtered between 95 and 98.5% of the total Alexandrium cells provided daily during the 3 day experiment, and no significant differences were observed when compared to the control ( Table 2 A). During the 7 day experiment, feeding activity was about 20-30% lower in mussels of the Alex5 (PST) treatment than in the rest of the treatments, showing significant differences at 5 (p < 0.001), 6 (p < 0.01) and 7 days (p < 0.01) ( Table 2 B ). The observation frequency of algal cells attached to fecal pellets was less than 2% for all Alexandrium and control treatment containers.
After 3 days of feeding, 3% of mussels from the Alex5 (PST) treatment were paralyzed (no mantle retraction); while 3% and 6% of mussels from AlexNX-56-08 (LC) the treatment were paralyzed after 3 and 7 days, respectively. Alex 2 (PST + LC) diet caused paralysis in 6% and 12% of the mussels after 3 and 7 days, respectively. The condition index was not affected by diet on day 3 nor on day 7 (Table 2 A, B) . Mortality of 3% was registered in mussels of the Alex5 (PST) treatment after 7 days of feeding. No paralysis signals or mortalities were observed in control treatments.
PST accumulation in digestive gland
No PST were detected in digestive glands from control and AlexNX-56-08 (LC) treatments. Two-way ANOVA was significant for diet and time interaction (p < 0.001) in mussels from Alex5 (PST) and Alex2 (PST + LC). After 3 days, the total amount of PST in digestive gland (μg/g) was 15 fold higher in mussels from Alex5 (PST) than in those from Alex2 (PST + LC) treatment (p < 0.001). After 7 days, toxin amount decreased to the half in Alex5 (PST)-treated groups (p < 0.05) and increased 3-fold in Alex2 (PST + LC) (p < 0.05), compared with 3-day values. No significant differences were observed between treatments after 7 days of exposure. Results are shown in Fig. 2 .
Cytotoxicity
After 3 days, lysosomal membrane stability was 40% lower in hemocytes of mussels of the Alex5 (PST), AlexNX-56-08 (LC) and Alex2 (PST + LC) treatments, than in those of the control (p < 0.05, for all comparisons) (Fig. 3A ). After 7 days, the effect of Alex5 (PST) and AlexNX-56-08 (LC) treatments was unchanged (p < 0.05, compared to the control) but a stronger effect was observed in the Alex2 (PST + LC) treatment, which resulted in 60% less membrane stability (p < 0.001), in comparison to the control (Fig. 3B) .
Percentage of viable hemocytes in control treatments were 96% after 3 days and 90% after 7 days. For graphical clarity, the results obtained for Alexandrium treated groups were expressed as percentage of the control values (100%). After 3 and 7 days, hemocyte viability reached a maximum of 20% lower values in mussels from Alex5 (PST) (p < 0.05; p < 0.001), AlexNX-56-08 (LC) (p < 0.01; p < 0.001) and Alex2 (PST + LC) treatments (p < 0.001; p < 0.001), than those of the corresponding controls ( Fig. 4A and B) . No significant differences between treatments were observed: Alex5 (PST), AlexNX-56-08 (LC) and Alex2 (PST + LC) within the same experimental period or between experimental periods (3 vs. 7 days).
Immune function
The number of circulating hemocytes was lower in mussels fed for 3 days with Alex5 (PST) and AlexNX-56-08 (LC) cells, than in control and Alex2 (PST + LC) treatments (p < 0.01 for all comparisons) (Fig. 5A ). After 7 days, no significant differences were observed among treatments (Fig. 5B ). Phagocytic activity of hemocytes was higher in mussels fed for 3 days with Alex5 (PST) cells than in mussels from control (p < 0.01), AlexNX-56-08 (LC) (p < 0.01) and Alex2 (PST + LC) (p < 0.05) treatments (Fig. 6A ). After 7 days, no significant differences were observed among treatments (Fig. 6B ).
ROS production
Intracellular ROS production was lower in mussels fed 3 days with Alex5 (PST), AlexNX-56-08 (LC) and Alex2 (PST + LC) cells, than in mussels from control (p < 0.05, for all comparisons), whereas no differences were observed among treatments after 7 days ( Fig. 7A and B) . Extracellular ROS levels were lower in mussel hemolymph after 3 days of the Alex2 (PST + LC) treatment than in controls (p < 0.05), and this effect was significantly higher in mussels fed with only Alex5 (PST) (p < 0.01) or only AlexNX-56-08 (LC) cells (p < 0.01, Fig. 7C ). After 7 days, extracellular ROS were significantly lower in mussels of the Alex2 (PST + LC) treatment than in controls and Alex5 (PST) treatments (p < 0.05, for both comparisons) (Fig. 7D ).
Discussion
All of the observed harmful effects that Alexandrium exerts on shellfish can be attributed to at least one out of two different compound classes produced separately or as a combination in different strains: PSP toxins (PST) and lytic compounds (LC). To better separate the effects of both compound classes, and to understand combined or synergistic effects on the mussels, we used three well-characterized strains of Alexandrium and investigated sublethal markers of functional disturbance, using whole animals and their hemocyte cells as indicators.
Effects of individual compound classes
The effect that was exclusively attributable to PST was the enhanced hemocyte phagocytic activity after three exposure days to the most toxic cells (Alex 5) and caused a reduction of feeding activity (cell absorption) upon prolonged exposure (> 5 days). This would explain why injection of A. catenella STX extract induced the expression of phagocytosis-related genes in M. chilensis hemocytes [23] . Reduced feeding rate is the main mechanism through which filtering organisms avoid harmful diets [30] . Particularly, M. chilensis displays small and temporal reductions of ingestion rates when PST-producer A. catenella is included in the diet [8, 9] . In our work, the supply of a highly toxic mono-diet may have caused a reduction of filtering activity [1] in Alex5 (PST) treated mussels after five days of feeding. Recovery of M. edulis phagocytic activity after seven feeding days can hence be linked to decreased toxin uptake from reduced ingestion. As shown earlier for oysters fed with A. catenella [22] , altered feeding activity leads to a decrease of PST content in digestive gland of M. edulis after seven days of feeding with Alex5 (PST). Contrarily to the effects observed in scallops [29] and oysters [48] , the reduction in feeding activity is not shown to be related to LC exposure in M. edulis.
Paralysis was not clearly relatable to either compounds class. The negligible response of mussels to neurotoxic effects of PST exposure reflects their unusual tolerance to feed on PST producing microalgae [1] . The bacterial biofilm of the digestive tract of M. edulis was shown to reduce up to 90% of PST toxicity of Alexandrium spp. (a strain 
Table 2
Percentage of cells of Nannochloropsis salina (Control) and Alexandrium spp.: Alex5 (PST), AlexNX-56-08 (LC), Alex2 (PST + LC), filtered by Mytilus edulis during 3 (A) and 7 day (B) experimental feeding. CI: condition index. Results are expressed as mean ± SEM.*p < 0.05, **p < 0.01 and ***p < 0.01 between Alex5 (PST) and the rest of the treatments, within the same day, n = 6. reported as "A. tamarense" but of unknown molecular identity) [49] . In scallops, for instance enzymatic biotransformation and accumulation in labial palps and digestive glands may contribute to block the passage of PST to gill, mantle and adductor muscle [7] . Mortality events are not frequently reported in Mytilus spp. fed with PST-producer algae [8,9, among others]. Only one mussel out of 30 died after seven days of feeding with Alex5 (PST), which renders difficult to attribute mortality to PST in this case. Movement/feeding impairment and no mortality were observed in scallops [29] and oysters [48] exposed to the BC producer A. minutum. To our knowledge, such effects have not been previously evaluated in M. edulis exposed to Alexandrium BC producing strains. Hemocytes of mussels exposed to the strain with high PST content showed neither diminished hemocyte viability, nor was lysosomal membrane destabilization exaggerated over the other treatment groups. An oxidative burst response (enhanced intracellular and/or extracellular ROS) was not clearly evident, although the Alex 5 (PST) exposed mussels had the highest ROS levels after seven days of exposure, but the effect did not reach statistical significance.
Cytotoxic effects of LCs produced by Alexandrium spp. are clearly based on their direct disruptive effect on membranes, increasing permeability and leading to cell death, as was previously shown for various species of photosynthetic and heterotrophic protists [24, 32] and in rat neuroendocrine PC12 cells [50] . Interestingly, increased lysosomal destabilization in our experiments after seven days of feeding with Alex2 (PST + LC) cells is likely attributable to a time and dose dependent response to LC. Direct damage of circulating hemocyte membranes by LC would not be expected during in vivo exposures, since there is no evidence of lytic damage on internal organs of aquatic organisms exposed to Alexandrium spp. LC-producer strains [51] . Alternatively, physiological stress produced as a consequence of gill/intestine tissue damage, lipid oxidation in digestive gland, mantle and muscle, and possibly respiratory impairment [29, 52] may be causing indirect sublethal damage to hemocytes, with early manifestation in the form of lysosome destabilization [53] . However, enhanced lysosomal labialization in Alex2 (PST + LC) treated mussels was not accompanied by increased hemocyte mortality. This could indicate that the harmful effects are not strong enough to increase cell death, and/or that hemocytes display some kind of adaptive mechanism to this stressful conditions.
Shared and combined effects of PST and LC on circulating hemocytes
After three days, the total number of circulating hemocytes was affected by feeding on algal strains exclusively producing either PST or LC. This suggests cellular diapedesis and tissue accumulation as inflammatory response to toxic cell encapsulation or PST detoxification [54] . Specific mechanisms involving increased toxin-lipofuscin complex accumulation in lysosomes of hemocytes has been proposed as mechanism for PST elimination in the intestinal lumen of M. edulis after feeding on Alexandrium (a strain reported as "A. fundyense" but of unknown molecular identity) [55] . In this context, Borcier et al. [29] suggested that direct contact with bioactive compound producing A. minutum cells leads to hemocyte infiltration of affected tissues. It is therefore interesting to note that in our experiment both toxins when applied in the diet as a combination had the reverse effect and rather stabilized the number of circulating hemocytes at control level, counteracting the reducing effect of the single substance application. The same recovery response was observed after seven days for all mussels treated separately with PST or LC producer algae. As suggested by Galimany et al. [55] and Haberkorn et al. [4] , these results could indicate increased hemocyte production and stocking in hemolymph under strong toxicity exposure (dose/time) to support tissue infiltration for defense against toxic algae.
Intracellular ROS production and consequently the extracellular ROS levels of M. edulis hemocytes were reduced following three days of exposure to all three Alexandrium strains. Undiminished phagocytic activity indicates that an "oxidative burst" is not always associated with phagocytosis in bivalves [18, 54] , and that ROS production might be curtailed by the chemical action of both types of toxins. Haberkorn et al. [4] speculated that reduced ROS production in hemocytes of oysters fed with A. minutum could be caused by high PST accumulation, which exceeded the "tolerance" of these bivalves, affecting their physiological and metabolic activities directly and profoundly. However, the A. minutum strain (AM89BM) used by Haberkorn et al. [4] was later on described to produce also extracellular BC [28] . Mello et al. [21] suggested that both PST and allelopathic/lytic compounds produced by this algae reduce ROS production in oyster hemocytes. Inhibition of ROS production in hemocytes of clams exposed to hemolytic supernatant of Karenia selliformis was also related to physiological impairment by cellular damage [54] . The fact that both intracellular ROS production and extracellular ROS levels were back to control values after seven days of feeding indicates physiological recovery and reactivation of the normal immune response, in spite of continued exposure to separate toxins. Wooton et al. [56] suggested that high basal levels of phagocytosis, cellular enzyme activity and superoxide generation in M. edulis hemocytes might explain its considerable resilience to adverse environmental conditions, compared to other bivalve species. However, strong suppression of extracellular ROS levels were observed after seven days of feeding with Alex2 (PST + LC), which would indeed represent immune impairment upon exposure to the toxin combination.
Conclusion
Both compound classes caused paralysis and affected hemocyte integrity and function. However, we showed that increased phagocytosis and impairment of feeding activity are clearly associated to PST-specific effects, when mussels are exposed in vivo to harmful algae; while lysosomal membrane labilization seems to be a LC effect, albeit not exclusively. In addition, our results support earlier findings describing the astonishing resilience of M. edulis to prolonged exposure to PST and/or LC producing Alexandrium spp. Bivalves displayed adaptive fitness traits in maintaining stable hemocyte viability, restoring phagocytic activity, and limiting intracellular ROS production upon feeding under environmentally relevant HAB conditions (cell concentrations and exposure duration). Knowledge gaps remain with respect to dose-dependent PST and LC effects on hemocyte cells.
